Abstract. The paper presents a few recent contributions brought by the authors in the field of the formability of aluminum alloys. A new concept for calculating Forming Limit Diagrams (FLD) using the finite element method is presented. The article presents a new strategy for calculating both branches of an FLD, using a Hutchinson -Neale model implemented in a finite element code. The simulations have been performed with Abaqus/Standard. The constitutive model has been implemented using a UMAT subroutine. The plastic anisotropy of the sheet metal is described by the Cazacu-Barlat and the BBC2003 yield criteria. The theoretical predictions have been compared with the results given by the classical Hutchinson -Neale method and also with experimental data for different aluminum alloys. The comparison proves the capability of the finite element method to predict the strain localization. A computer program used for interactive calculation and graphical representation of different Yield Loci and Forming Limit Diagrams has also been developed. The program is based on a Hutchinson-Neale model. Different yield criteria (Hill 1948, Barlat-Lian and BBC 2003) are implemented in this model. The program consists in three modules: a graphical interface for input, a module for the identification and visualization of the yield surfaces, and a module for calculating and visualizing the forming limit curves. A useful facility offered by the program is the possibility to perform the sensitivity analysis both for the yield surface and the forming limit curves. The numerical results can be compared with experimental data, using the import/export facilities included in the program.
INTRODUCTION
During the last years, numerical simulation of the sheet metal forming processes has become more and more attractive for industry. Its main advantage consists in shortening the time needed for the design of the technological processes and, consequently, in reducing the overall price of the products. The accuracy of the results obtained in a "virtual" design environment is an important element conditioning the efficient use of the simulation techniques. One way to improve the quality of the numerical results provided by the simulation programs is to refine the constitutive models. Some of the most recent models able to describe the anisotropic behavior of sheet metals are presented in [1, 2, 3] .
The formability of the sheet metals is another important factor that should be taken into account when designing a forming process. This information is useful both for the producer and the user of the thin rolled products. In order to assess the formability of sheet metals, several methods based on simulative or mechanical tests have been developed. At the beginning of 1960's, a more general and realistic concept was proposed, namely the Forming Limit Diagram -FLD [3, 4, 5] . This concept is now used by almost all industrial laboratories for evaluating the limit strains of the sheet metals. The forming limit diagrams are also used by commercial finite-element codes as a limiting criterion of the forming process.
One of the most important advantages of the FLD concept is the possibility to develop mathematical models for calculating the limit strains [3] . This fact allows a more consistent connection between the FLD modules and the FE code in a "virtual manufacturing" environment. After the introduction of the FLD concept by Keeler, Marciniak and Kuczynski [6] have developed a theoretical model aiming at predicting the occurrence of sheet metal instability. Later on, Hutchinson and Neale [7] extended the MarciniakKuczynski model for the negative minor in-plane strain regime of the FLD. The first approach of FLD calculation using finite element method was published by Burford and Wagoner [8] . The results published in the literature show that the prediction of FLD is strongly dependent on the yield criterion used in the theoretical model. This paper compares the predictive capabilities of two recent yield criteria: BBC2003 [9] and Cazacu-Barlat [10] .
Aiming to meet these requirements, the authors have developed a software package named FORM-CERT for calculating FLD's. One of the most important features of FORM-CERT is that it allows the use of different yield criteria (e.g. Hill'48 [11] , Barlat'89 [12] , BBC2003 [9] , Cazacu-Barlat [10] etc.) and strain hardening laws (Swift and Voce) when computing the FLD's. The program is based on the Hutchinson-Neale [7] model of the necking process. This choice is made by the user via a graphical interface. The interface allows the input of the data, but also offers detailed diagrams of the results obtained during different steps of the calculations (yield locus, hardening law and, finally, the FLD).
THEORETICAL ASPECTS

BBC2003 Yield Criterion
The following expression of the BBC2003 [9] yield criterion will be used in this paper: 
The parameters a, M, N = P, Q, R, S and T are calculated using the uniaxial yield stresses and the rcoefficients associated to the 0 0 , 45 0 and 90 0 directions, as well as the equibiaxial yield stress. The exponent k is established according to the crystallographic structure of the sheet metal: k = 3 for BCC alloys and k=4 for FCC alloys.
Cazacu-Barlat Yield Criterion [10]
This three-dimensional yield criterion is an extension to orthotropy of Drucker's [13] isotropic criterion. Anisotropy is introduced through generalizations of the invriants of the stress deviator. generalized invariants approach. For 2-D stress conditions the criterion is expressed as: 
Y being the uniaxial yield stress.
Cazacu and Barlat [7] use the uniaxial yield stresses and the r-coefficients associated to the directions, as well as the equibiaxial yield stress for evaluating the coefficients involved in the yield criterion.
FEM implementation of the Hutchinson-
Neale FLD model Figure 1 shows the model proposed by Hutchinson and Neale to describe the initiation of the necking process due to a geometric imperfection: the sheet metal is assumed to have a slightly different thickness in some region ("a" has the normal thickness, while "b" is thinner). The ratio of the initial thickness is used to define a non-homogeneity coefficient:
In the general case, the imperfection undergoes a rotation during the straining process. Figure 1 shows the initial position of the groove (defined by the angle 0 ψ ). In the finite element model, we use 0 ψ = 0 0 when computing the right branch of the FLD while for the left branch, we assume that the most unfavorable value of 0 ψ corresponds to the plane-strain condition in the (n, t) frame associated to the groove.
The yield criteria BBC2003 and Cazacu-Barlat have been implemented in the finite element program Abaqus/Standard, using the UMAT subroutine. This subroutine has two roles. One is that to define the elasto-plastic constitutive model [14] , while the other is to detect the necking. In order to detect the limit deformation, the values of the thickness strain increment corresponding to a pair of elements were stored and compared. One of the elements is placed in region "a", while the other is placed in region "b". The FEM simulation terminates when the strain increment associated to the second element is seven times greater then the strain increment of the first element. The corresponding point belonging to the FLD is defined by the values of the principal logarithmic strains calculated at the end of the previous time increment for the reference element placed in region "a". The above procedure has been repeated for six different displacement ratios along the 1-and 2-axis (see Figure  1) . The mesh used in the simulation consisted of 2575 "M3D4" elements (4 node quadrilateral membrane). The mesh associated to region "b" is denser than in region "a".
The isotropic hardening behavior is described by a Swift type function:
where: K , p 0 ε and n are material parameters. 
COMPARISON BETWEEN NUMERICAL RESULTS AND EXPERIMENTS
The finite element model has been tested for an AA3103-0 aluminum alloy having the following mechanical parameters [9] The nominal thickness of the sheet metal was 1.2 mm and the imperfection factor used in the calculations was 0.998. One may note that the right branch of the FLD predicted by Cazacu-Barlat is more accurate than the one predicted by BBC2003(see Figure 3) . BBC2003 underestimated the formability of the sheet metal in this region. As concerns the left branch of the FLD, the curves coincide. It seems that the quality of the numerical predictions is strongly influenced by the shape of the yield surface especially on the right branch of the FLD.
A USER-FRIENDLY PROGRAM FOR CALCULATING THE FLD
Based on the models above, the authors have developed a program named FORM-CERT that consists in the following modules:
• Identification module associated to the yield criterion (responsible for evaluating the coefficients of the yield criterion, as well as for the graphical output of the yield locus and planar distribution of the yield stress and r-coefficient)
• Module for calculating and displaying the strain hardening law
• Module for calculating and displaying the forming limit diagram. 
Identification Module Associated to the Yield Criterion
The yield surface is described in a general manner using the BBC2003 yield criterion [9] . This formulation contains 8 independent coefficients. For evaluating these coefficients, 8 mechanical parameters of the sheet metal are normally needed: uniaxial yield stresses and r-coefficients associated to three planar directions (defined by 0º, 45º and 90º angles measured from the rolling directions) together with the biaxial yield stress and biaxial r-coefficient. The BBC2003 yield criterion can be reduced to simpler formulations (Hill'48, Barlat'89, etc.) by enforcing equalities between some of its coefficients [14] . In this way, the general yield criterion can be also used in the situations when only 2, 4, 5, 6, or 7 mechanical constants are available. The performance of the BBC2003 yield criterion based on different identification strategies have been evaluated and presented in [9, 16] . Figure 5 shows the user graphics interface of this module, which allows the user to choose the identification strategy by specifying the number of mechanical parameters available for input. The input boxes can be filled from the keyboard but the program also offers the possibility to import data from an ASCII file. The module performs the identification, displays the values of the coefficients and stores them into an ASCII output file. The identification module also offers the possibility to plot the computed yield locus. Different yield loci obtained from different identification strategies (with more or fewer coefficients) can be superimposed on the same diagram. A separate panel of the graphical interface ("Experimental data") can be accessed for importing experimental points from ASCII files.
FIGURE 5. Graphical user interface of the identification module
This data is also shown on the same diagram. In this way, the user has the possibility to evaluate the performances of the yield criterion in different identification cases and to select the best formulation. The identification module also allows to study the sensitivity of the yield locus to the variation of the input data.
Calculation and Display of the Planar Distribution of the Uniaxial Yield Stress and r-Coefficient
As it is well known [1, 3, 17] , the knowledge of the yield locus is not sufficient for evaluating the performances of a yield criterion. The planar distribution of the uniaxial yield stress and rcoefficient offers useful information related to this aspect. The accuracy of the constitutive models is strongly dependent on their capability to describe such variations. In fact, the residual stresses, the springback and the thickness distribution obtained from FE calculations are closely connected to the performances of the yield criterion. As a consequence, the program developed by the authors includes a module that computes and displays the distribution of the uniaxial yield stress and r-coefficient in the plane of the metal sheet (see Figure 6 ). The diagrams are calculated using the yield criterion selected in the identification module. A detailed description of the computational procedure is given in [8, 15] . Again, experimental points can be superimposed on the same diagram by accessing the panel "Experimental data". The module also offers the possibility to perform a sensitivity analysis of the curves to the variation of the input data (coefficients of the yield criterion). 
Calculation and Displaying the FLD
This is the main module of the program. The graphical user interface provided by this module is divided in two regions ( Figure 6 ). The first one receives the input data: coefficients of the yield criterion and strain hardening law calculated by the modules mentioned above, a parameter specifying the thickness non-homogeneity factor and also the value of the strain increment used for computing the FLD. The Hutchinson-Neale model of the strain localization process has been implemented in the FORM-CERT program. The mathematical formulation and the solution procedure of the model are presented in [18] . At present, the FLD module works only for linear strain paths. The second region of the graphical user interface is used for plotting the FLD obtained from calculations. Several curves can be superimposed on the same diagram and also compared with experimental data (imported from ASCII files via the "Experimental data" panel).
"Experimental Data" Module
This module is structured as a panel for acquiring input data. The user has the possibility to type in this data or to import it from ASCII files. The data can be plotted on diagrams or exported to other modules of the FORM-CERT program.
All the diagrams generated by the modules mentioned above can be processed and also exported in different graphical formats (Bitmap, Windows Metafile, GIF, JPEG, Postscript, PDF, etc.). In addition, the results of the computations can be 
CONCLUSIONS
Implementation of two recent yield criteria, BBC2003 and Cazacu-Barlat, in a finite element model of FLD's has been carried out. The predictions of these criteria have been compared with experimental data for AA3103-0. The comparison shows that Cazacu-Barlat formulation is more realistic and in better agreement with experimental data, especially on the right branch of the FLD. But we should notice that Cazacu-Barlat yield criterion involves a larger nuber of coefficients (18 in the 3-D case and 11 in the 2-D case). A computer program used for interactive calculation and graphical representation of different Yield Loci and Forming Limit Diagrams has also been developed. The program is based on a Hutchinson-Neale model. Different yield criteria (Hill [11] , Barlat-Lian [12] and BBC 2003 [9] ) are implemented in this model. The program consists in three modules: a graphical interface for input, a module for the identification and visualization of the yield surfaces, and a module for calculating and visualizing the forming limit curves. A useful feature of this program is the possibility to perform the sensitivity analysis both for the yield surface and the forming limit curves. The numerical results can be then compared with experimental data, using the import/export facilities included in the program.
